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A critical question about signal transduc-
tion is how weak or transient activation of
signaling pathways achieves a robust and
long-term switch in gene expression. We
report that a microRNA is part of a mecha-
nism that makes cells sensitive to signals
in the Drosophila eye. Expression of miR-7
is activated in cells as they begin differenti-
ating into photoreceptors. This is depen-
dent on EGF receptor (EGFR) signaling that
triggers ERK-mediated degradation of the
transcription factor Yan. In nonstimulated
cells, Yan represses miR-7 transcription,
whereasmiR-7 RNA represses Yan protein
expression in photoreceptors, by binding
to sequences within its mRNA 30UTR. We
propose that reciprocal negative feedback
between Yan and miR-7 ensures mutually
exclusive expression, with Yan in progeni-
tor cells and miR-7 in photoreceptor cells.
Expression is switched when EGFR signal-
ing transiently triggers Yan degradation.
This two-tiered mechanism explains how
signal transductionactivitycanrobustlygen-
erate a stable change in gene-expression
patterns.
INTRODUCTION
A common feature of signal transduction is its capacity to ef-
fect long-term changes in gene expression. This effect can
be explained in tumor cells by constitutive signaling caused
by oncogenic mutations (McCormick, 1999). How transient
or weak activation of signaling pathways leads to stable re-
sponses in normal cells is less understood (Freeman and
Gurdon, 2002). Positive feedback is one mechanism byCellwhich transient events can generate stable responses. Pos-
itive feedback occurs when an event inducesmore of itself or
another effector, which amplifies either the initial event or
a cell’s response, and this serves to stabilize or amplify the
response. In its simplest form, positive feedback can prolong
and amplify the response to a weak or transient signal. An
example of this is the positive feedback between the E2A
and EBF transcription factors and the cytokine receptor IL-
7R during B cell differentiation (Singh et al., 2005). Establish-
ment of this network depends on transient signaling from
the cytokine receptor Flk2. Positive feedback involving
IL-7R, E2A, and EBF generates a self-sustaining circuit.
Feedback also has the potential to regulate complex out-
comes, such as defining precise domains of gene expres-
sion. An example of this occurs in the developing Droso-
phila oocyte (Wasserman and Freeman, 1998). The growth
factor Gurken is secreted by the oocyte and is received
by the EGF receptor (EGFR) in overlying somatic follicle
cells. Although this signal is short lived, the follicle cells
produce an autocrine signal, another EGFR ligand called
Spitz, to prolong the initial signal. A related autocrine mech-
anism occurs in the Drosophila embryo (Golembo et al.,
1999). In spite of these examples, it is still unclear whether
positive feedback mechanisms are commonly utilized dur-
ing signal transduction, and what effectors carry out such
mechanisms.
The Drosophila eye is an excellent system for studying the
effects of signal transduction on developmental decisions
such as cell differentiation. The eye develops by the reitera-
tive patterning of 800 ommatidia initiated in the larval eye
imaginal disc. Each ommatidium constitutes a patch of
20 neighboring cells that individually follow specific differ-
entiation programs. Differentiation occurs progressively
from posterior to anterior across the larval eye disc epithe-
lium, with the leading edge of differentiation marked by an
epithelial indentation called the morphogenetic furrow (Pi-
chaud et al., 2001). Development of the ommatidium initiates
with the differentiation of the R8 photoreceptor and subse-
quently occurs by the sequential recruitment of neighboring
progenitor cells into distinct developmental programs. The
first seven cells to be recruited by R8 differentiate as photo-
receptor neurons, followed by recruitment of four non-
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prevented from spontaneously differentiating since they con-
tain an ETS-domain transcription factor called Yan. Yan acts
as a repressor of retinal cell differentiation by binding to en-
hancers of target genes such as prospero and Pax2, thereby
preventing two related ETS-domain factors called Pointed-
P1 and Pointed-P2 from binding and activating transcription
(Flores et al., 2000; O’Neill et al., 1994; Xu et al., 2000).
A key event to initiate the differentiation of a retinal progen-
itor cell is the rapid degradation of Yan protein as a conse-
quence of phosphorylation by ERK kinase (Rebay and
Rubin, 1995). This downregulation does not occur to a signif-
icant degree in undifferentiated progenitor cells. Underlying
the switch in ERK activity is a cell-cell signal that is emitted
from the R8 photoreceptor of each ommatidium and is re-
ceived by nearby progenitor cells. When the signal, encoded
by the growth factor Spitz, associates with its cognate recep-
tor EGFR, it triggers activation of the Ras-ERK pathway and
consequent differentiation of the receiving cell (Freeman,
2000; Voas and Rebay, 2004). One of the key effectors of
the Ras-ERK pathway is Yan. If Yan is mutated to block its
phosphorylation by ERK, Yan fails to be downregulated in re-
sponse to Ras signaling, and fewer progenitor cells differen-
tiate as photoreceptor and cone cells (Rebay and Rubin,
1995).
In this report, we find that the microRNA (miRNA) miR-7
plays a key role in augmenting the EGFR signal in the Dro-
sophila eye, and it does so by repressing Yan expression.
miRNAs are particularly interestingmembers of awidespread
family of small non-protein-coding RNAs that silence gene
expression (Bartel, 2004). Recent estimates suggest that
there are 230 miRNA genes per human genome, or 1%
of human genes (Sontheimer and Carthew, 2005). miRNA
genes are transcribed to form hairpin RNA, followed by
RNA processing to generate a fully mature miRNA, typically
21–23 nucleotides long, that accumulates in the cytoplasm
as a single-stranded species (Lee et al., 2002). Although
the exact mechanism of how miRNAs silence genes is not
known, it is clear that miRNAs use a mode of silencing intrin-
sically related to siRNAs, which inhibit mRNA transcripts.
Like siRNAs, miRNAs inhibit a target mRNA by base-pairing
to complementary sequences within the message (Bartel,
2004). However, an animal miRNA typically makes imperfect
base-pair contacts with its target mRNA. Contacts usually
occur within 30 untranslated regions (30UTRs), with the net
result being a cessation of protein synthesis from the mes-
sage (Brennecke et al., 2003; Olsen and Ambros, 1999;
Reinhart et al., 2000; Wightman et al., 1993; Zeng et al.,
2002). Some human miRNAs might also cause a reduction
in target transcript abundance that reflects a related or inde-
pendent mechanism to squelch message activity (Jing et al.,
2005; Lim et al., 2005). Genetic and genomic studies have
implicated miRNAs in regulating many aspects of cell and
developmental biology (Bartel, 2004; Sontheimer and Car-
thew, 2005). In some cases, gene targets of direct regulation
have been identified. However with rare exception (Johnston
et al., 2005; O’Donnell et al., 2005; Zhao et al., 2005), it is not
known how miRNAs are themselves regulated and how this
regulation results in specific biological outcomes.1268 Cell 123, 1267–1277, December 29, 2005 ª2005 Elsevier InRESULTS
miR-7 Is Expressed in Early Photoreceptors
To determine the role of miRNAs in Drosophila eye develop-
ment, we examined the expression patterns of individual
miRNAs by in situ hybridization. We detected a distinctive
staining pattern in eye imaginal discs with a probe for miR-
7 RNA. Analysis of miR-7 expression in the eye imaginal
disc revealed miR-7 RNA in photoreceptor cells at the time
when neuronal differentiation is first detected (Figures 1A
and 1B). In photoreceptors, staining was concentrated at in-
terfaces with other photoreceptors and was restricted to the
cytoplasm. This indicates that the mature miRNA was being
detected since miRNA precursors are predominantly local-
ized to nuclei (He and Hannon, 2004; Lee et al., 2002). Al-
though staining was detected in progenitor cells within the
morphogenetic furrow (Figure 1A), miR-7 RNA was weakly
detected in progenitor cells located posterior to the furrow,
in regions surrounding nascent photoreceptors (Figure 1C).
Staining of discs that overexpressed miR-7 or were mutant
for the gene (miR-7D1) confirmed that the expression pattern
was specific for miR-7 RNA (Figures 1D and 1E).
Binding of most animal miRNAs to the 30UTR of substrate
mRNAs results in repression of protein synthesis (He and
Hannon, 2004). To determine if the miR-7 RNA expressed
in photoreceptors is active for gene silencing, we assayed
a reporter gene that is repressed by miR-7 activity. This re-
porter hasGFPcoding sequence fused to a30UTRcontaining
two perfect miR-7 binding sites (Stark et al., 2003) and is
based on the observation that a miRNA will direct mRNA
cleavage if the target transcript is perfectly complementary
in sequence (Hutvagner and Zamore, 2002; Zeng et al.,
2002).Reportergeneexpressionwasstrongly reduced inpho-
toreceptors, whereas a control reporter, which lacked miR-7
binding sites, showed no reduction in photoreceptor expres-
sion (Figures 1F and 1G). Altogether, these results indicate
thatmiR-7 is present and active in developingphotoreceptors.
miR-7 and Photoreceptor Differentiation
To examine the function ofmiR-7 in photoreceptor develop-
ment, we generated mutations in themiR-7 locus. ThemiR-
7 sequence is embedded within the bancal (bl) gene, ori-
ented in the same direction as the bl transcription unit (Fig-
ure 2). Based on extensive EST cDNA analysis (FlyBase),
three longer mRNA transcripts A–C are generated by
alternative splicing, and a shorter transcript (D) is generated
from a second promoter. Using RT-PCR of mRNA derived
from adults, we confirmed that these transcripts are present
(data not shown). Three lines of evidence indicate thatmiR-7
is cotranscribed with bl. One, no noncoding RNAs were de-
tected that spannedmiR-7 sequence within the locus. Two,
an inverted repeat in theDrosophila pseudoobscura genome
has a 44/47 sequence match with D. melanogaster miR-7.
The orientation and position of thisD. pseudoobscura repeat
is identical with respect to the bl ortholog. Thus, the relation-
ship between bl andmiR-7 appears to be functionally signif-
icant, based on evolutionary conservation. Three, in situ
hybridization of blmRNA using probes for the long and shortc.
Figure 1. Specific Expression ofmiR-7 in
Photoreceptors
(A–E) Expression ofmiR-7 RNA in third-instar lar-
val eye discs as detected by in situ hybridization.
Posterior is to the right.
(A) A larval eye disc stained for miR-7 RNA. RNA
is detected in the morphogenetic furrow (arrow)
and cells posterior to the furrow.
(B and C) High-magnification views of a region
posterior to the furrow at the focal plane of the
photoreceptors (B) and the progenitor cells (C).
RNA is detected within the cytoplasm of each
photoreceptor neuron and is concentrated in
the center of each ommatidium where the R8
photoreceptor resides (arrowheads). The circled
ommatidium in (B) has visible photoreceptors
labeled.
(D) A GMR-Gal4/UAS-miR-7 disc showing ab-
normally strong expression posterior to the fur-
row.
(E) Expression is not detected in a miR-7D1 mu-
tant eye disc.
(F–F0 0) Double antibody labeling of a tub-
EGFP:2x(miR-7’) eye disc to detect GFP (F),
Elav, which marks all photoreceptors (F0), and
color overlap of the two images (F0 0).
(G–G0 0 ) Double labeling of a tub-EGFP disc to de-
tect GFP (G) and Elav (G0 ) proteins and image
overlap (G0 0 ). Double labeled cells appear white
in image overlaps. Arrows mark the furrow.transcripts revealed patterns that are highly similar to
the miR-7 expression pattern in eye imaginal discs (data
not shown).
It is unclear if one or more alternative transcripts gives rise
to miR-7 RNA. However, based on data from an insertional
mutation, the short transcript is at least competent to pro-
duce functionalmiR-7 RNA. This mutation is the EP element
insertion EP954, which is located 52 base pairs upstream of
the second transcription start site (Figure 2). EP954 belongs
to a class of P element vectors that allow transcription of se-
quences flanking the insertion site (Rorth et al., 1998). EP954
is oriented such that ectopic transcripts driven by Gal4-
inducible transcription would correspond to the short tran-Cell 1script of bl. Indeed, this results in elevated levels of mature
miR-7 in eye discs.
When Gal4 was specifically expressed in an eye that car-
ried the EP954 mutation, it caused a roughening of the eye
surface (data not shown). To determine if this effect was spe-
cifically due to miR-7, we cloned 432 bp of genomic DNA
containing the miR-7 sequence into a Gal4-inducible ex-
pression vector and transformed this into flies. The fragment
contained no bl coding sequence. Indeed, the eye pheno-
type we observed in UAS-miR-7 animals was indistinguish-
able from that observed with EP954 (data not shown).
Using the UAS-miR-7 transgene, we misexpressedmiR-7
in progenitor cells posterior to the morphogenetic furrowFigure 2. Genomic Organization of the
miR-7 Gene and Associated Mutations
The miR-7 sequence is embedded within the
bancal (bl) gene, oriented in the same direction
as the bl transcription unit. Four mature bl tran-
scripts are detected. Transcripts A–C are initi-
ated from a promoter that is different from the
promoter used to make transcript D. The EP in-
sertion EP954 is located 52 bp upstream of the
D promoter. EP954 was excised by P-transpo-
sase activity and excision lines were established.
Of the lines, miR-7D1 contained the smallest de-
letion that removed the miR-7 sequence. The
mutant is a 6.8 kb deletion that also removes the last two exons of bl and the last two exons of hillarin (Hil), a neighboring gene. For genetic analysis,
miR-7D1 was placed in trans over the Df(2R)exu1 deletion, which deletes all of the genes shown and additional genes in both directions. The trans-hetero-
zygote exhibited phenotypes similar to the miR-7D1/miR-7D1 phenotypes. Location of the cluster of conserved Yan binding sites (YBS) is indicated.23, 1267–1277, December 29, 2005 ª2005 Elsevier Inc. 1269
Figure 3. miR-7 Promotes Photoreceptor Differentiation by Repressing Yan
(A and B) Expression of Prospero (green) in the R7 photoreceptor and cone cells, and expression of Elav (red) in all photoreceptors of a GMR-Gal4 (A) or
GMR-Gal4/UAS-miR-7 (B) larval eye disc. R7 photoreceptors coexpress Prospero and Elav and therefore appear orange. Arrows denote ectopic R7-like
photoreceptors.
(C and D) Anti-Elav stained pupal eyes from wild-type (C) or GMR-Gal4/UAS-miR-7 (D) animals.
(E and F) Expression of Yan protein (green) in progenitor cells of a GMR-Gal4 (E) or GMR-Gal4/UAS-miR-7 (F) larval eye disc. Discs are counterstained for
Elav (red) to highlight photoreceptors.
(G) Computational prediction of two conservedmiR-7 binding sites in the yan 30UTR of D. melanogaster and D. pseudoobscura. The position of the 30 nu-
cleotide in the target site of each 30UTR is indicated. The seed match is between the 50 eight bases of the miRNA and its cognate 30 end of the target mRNA.
(H) Double labeling of a tub-EGFP:YanUTR larval eye disc to detect GFP (cyan) and Elav (red).
(I) A tub-EGFP:Yan(mut)UTR eye disc labeled to detect GFP (cyan) and Elav (red).
(J and K) Expression of tub-EGFP:Yan(mut)UTR (cyan) in progenitor cells of a GMR-Gal4 (J) or GMR-Gal4/UAS-miR-7 (K) eye disc.
(L and M) Expression of tub-EGFP:YanUTR (cyan) in progenitor cells of a GMR-Gal4 (L) or GMR-Gal4/UAS-miR-7 (M) eye disc.
(N and O) Expression of tub-EGFP:YanUTR (cyan) (N) and tub-EGFP:Yan(mut)UTR (cyan) (O) in miR-7D1/Df(2R)exu1 mutant eye discs. Discs are counter-
stained for Elav (red) in all panels. Arrows mark the furrow in (C)–(O).and examined its effect on early cell differentiation with cell-
specific markers. In the larval eye disc, ectopic R7 photore-
ceptor neurons were observed in ommatidia (Figures 3A
and 3B). There were no ectopic cone cells produced, hence
miR-7 specifically stimulated photoreceptor differentiation.1270 Cell 123, 1267–1277, December 29, 2005 ª2005 Elsevier InA similar effect was seenwith EP954 (data not shown). When
miR-7was misexpressed, ectopic photoreceptors were also
readily seen in ommatidia at a later stage of eye development
(Figures 3Cand3D).Onaverage, therewere 8.9photorecep-
tors per ommatidium (n = 86) in these eyes.c.
miR-7 and Yan
The ectopic formation of photoreceptors by miR-7 misex-
pression resembled that observed in yan loss-of-function
mutants (Lai and Rubin, 1992). Since miRNAs act by down-
regulating protein expression, it seemed possible thatmiR-7
was repressing Yan protein expression. We examined Yan
expression with anti-Yan antibody and observed strong re-
duction of Yan protein in progenitor cells that misexpressed
miR-7 RNA (Figures 3E and 3F). We used computational
methods to identify putative miR-7 binding sites within the
30UTR of yan mRNA (Enright et al., 2003; Lewis et al.,
2005; Nakahara et al., 2005; Stark et al., 2003). We identified
four putative miR-7 binding sites based on sequence com-
plementarity to miR-7 RNA (Figure 3G and Figure S1 avail-
able with this article online. Two of these sequences are con-
served in the yan ortholog of D. pseudoobscura, suggesting
that they are functionally important. To confirm that the
downregulation of Yan expression is mediated by miR-7
binding to yan mRNA, we generated a reporter gene with
GFP coding sequence fused to the yan 30UTR. Expression
of the GFP reporter was downregulated in photoreceptor
cells, whereas a GFP reporter with the four miR-7 binding
sites mutated was not downregulated (Figures 3H and 3I).
The wild-type and mutant reporters were equivalently ex-
pressed in progenitor cells. These results indicate that the
putativemiR-7 binding sites in the yan 30UTR specifically re-
press expression in photoreceptors, which correlates with
the presence ofmiR-7 RNA in these cells. WhenmiR-7 RNA
was misexpressed in progenitor cells, there was a gradual
decrease of wild-type reporter expression in progenitor cells
(Figures 3L and 3M), whereas the mutant reporter remained
unaffected (Figures 3J and 3K). Altogether, these data indi-
cate that miR-7 can directly downregulate Yan expression.
To confirm the function of miR-7 in repressing Yan ex-
pression, we generated a null allele. EP954 was excised by
P-transposase activity, and an excision line with a 6.8 kb de-
letion of flanking genomic DNA was established (Figure 2).
The mutant miR-7D1 is missing miR-7 sequence in addition
to the last two exons of bl and two exons of hillarin, a neigh-
boring gene. As predicted, the mutant is a miR-7 RNA null
allele (Figure 1E).
We then tested whether miR-7D1 is defective for Yan re-
pression in eye discs. If miR-7 RNA normally downregulates
Yan protein expression, then the Yan reporter would fail to be
repressed in miR-7D1 photoreceptor cells. Indeed, the wild-
type Yan reporter was derepressed in miR-7D1 photorecep-
tor cells (Figures 3H and 3N), whereas expression of the mu-
tant Yan reporter was not significantly affected (Figures 3I
and 3O). To determine whether this specific effect on the
Yan reporter was also observed with endogenous Yan pro-
tein, we examined Yan protein expression inmiR-7D1mutant
eye discs. We observed an increased number of apically
positioned cells from miR-7D1 discs that had Yan protein
present in their nuclei (Figures 4A and 4B). Altogether, these
results indicate that miR-7 directly downregulates Yan ex-
pression.
Despite the effect ofmiR-7D1 on Yan expression, differen-
tiation of photoreceptors and overall eye development ofCellmiR-7D1 mutant animals appeared almost normal (Figures
4A–4C, 4J, and 4K). The normal development of mutant
photoreceptors suggested that basal Yan protein seen in
miR-7D1 mutants is not sufficient to effectively block photo-
receptor differentiation. One possible reason is that miR-7
acts redundantly to inhibit Yan and promote photoreceptor
differentiation.
The existence of a protein-turnover mechanism to down-
regulate Yan suggested that it might act in parallel withmiR-7
to repress Yan and thereby promote differentiation. There-
fore, we determined ifmiR-7D1 affected photoreceptor differ-
entiation when Yan protein turnover was blocked. The YanAct
transgene has mutated all of its product’s ERK phosphoryla-
tion sites, and its 30UTR contains the most proximal miR-7
binding site (Rebay and Rubin, 1995). Indeed, expression
of YanAct protein was negatively regulated by miR-7, as evi-
dent by enhanced Yan protein staining in apically positioned
YanAct miR-7D1 mutant cells (Figures 4D and 4E). Flies ex-
pressing YanAct had smaller eyes than normal, and omma-
tidia had on average 5.2 photoreceptors per ommatidium
(n = 196) (Figures 4F, 4H, and 4L). This effect is due to the
reduced protein turnover of the altered Yan protein (Rebay
and Rubin, 1995). The inhibitory effect of YanAct on photo-
receptor differentiation was dramatically enhanced in a
miR-7D1 mutant background (Figures 4G, 4I, and 4M). Early
photoreceptor differentiation was particularly inhibited in the
double mutant (Figure 4G) such that only an average of 3.7
photoreceptors per ommatidium (n = 115) were observed
at later stages of eye development (Figure 4I). The interaction
between miR-7D1 and YanAct was due to loss of miR-7 be-
cause coexpression of a miR-7 transgene completely res-
cued the enhancement caused bymiR-7D1 (Figures 4N and
S2). These results are consistent with a role for miR-7 in
negatively regulating Yan expression and, consequently,
stimulating photoreceptor differentiation.
TheNotch signaling pathway plays an important role in eye
development, and several validated targets ofmiR-7 repres-
sion are genes that are direct transcriptional targets of the
Notch pathway. These include E(spl)m3, E(spl)m4, E(spl)mg,
E(spl)m5, Bearded, hairy, Tom, and Bob (Lai et al., 2005;
Stark et al., 2003). Yan is also transcriptionally regulated by
Notch (Rohrbaughet al., 2002).Noneof the above immediate
early genes (with exception of yan) have been found to func-
tion in photoreceptor differentiation. However, it was never-
theless possible thatmiR-7 represses unidentified Notch tar-
get genes, which contribute to differentiation. To test this
possibility, we misexpressedmiR-7 with constitutively active
Notch (UAS-NDE) in progenitor cells, and we observed that
the double mutant eye phenotype resembled the sum of
each mutant phenotype alone (data not shown). This result
suggests that the eye phenotypes we observed with miR-7
are due to effects in a pathway parallel with Notch.
miR-7 Transcription and Signaling
Activation of EGFR is critical for downregulation of Yan
(Gabay et al., 1996), suggesting that the effect of miR-7
RNA on Yan might be dependent on EGFR. Therefore, we
performed in situ hybridization of miR-7 RNA in an EGFR123, 1267–1277, December 29, 2005 ª2005 Elsevier Inc. 1271
Figure 4. miR-7 Acts Redundantly to Inhibit Yan
(A and B) Expression of Yan (green) and Elav (red) proteins in larval eye discs counterstained with a dye to highlight all apical nuclei (blue). A wild-type
disc section (A) shows that most cells recruited to join ommatidia weakly stain for Yan. In contrast, a miR-7D1/Df(2R)exu1 disc section (B) shows an in-
creased number of cells that are recruited within ommatidia and strongly stain for Yan (two examples highlighted by arrows). Note that in both genotypes,
Elav-positive cells are predominantly missing nuclear Yan.
(C) Anti-Elav stained pupal eye from amiR-7D1/Df(2R)exu1 animal. Shown are several ommatidia with the normal number of eight Elav-positive cells forming
characteristic ring-like structures. Only 2% of scored ommatidia showed a defect in photoreceptor number at this stage.
(D and E) Anti-Yan stained larval eye discs from GMR-YanAct (D) and GMR-YanAct miR-7D1/Df(2R)exu1 (E) animals.
(F and G) Expression of Elav (red) in larval eye discs counterstained with a dye to highlight apical nuclei (blue). Shown are confocal optical sections of GMR-
YanAct (F) and GMR-YanAct miR-7D1/Df(2R)exu1 (G) discs.
(H and I) Anti-Elav stained pupal eyes from GMR-YanAct (H) and GMR-YanAct miR-7D1/Df(2R)exu1 (I) animals. Shown are several ommatidia in each panel
exhibiting incomplete photoreceptor composition.
(J–N) SEM views of adult eyes fromwild-type (J),miR-7D1/Df(2R)exu1 (K),GMR-YanAct (L),GMR-YanAct miR-7D1/Df(2R)exu1 (M), andGMR-YanAct miR-7D1/
Df(2R)exu1 ; GMR-Gal4/UAS-dsRED:miR-7 (N).mutant background. When a constitutively active mutant
form of EGFR was misexpressed in progenitor cells, miR-7
RNA expression was strongly upregulated in these cells (Fig-
ures 5A and 5B). This indicated that EGFR signaling stimu-
latesmiR-7 expression. To determine if EGFR signaling is re-
quired for miR-7 transcription, we blocked EGFR signaling
with a dominant-negative form of EGFR. This results in differ-
entiation of the first two or three photoreceptors but no fur-
ther photoreceptor differentiation (Freeman, 1996 and
Figure 5C). We then expressed the UAS-miR-7 transgene
in eye disc cells under transcriptional control of Gal4. This re-
sulted in enhanced photoreceptor differentiation even in the
background of the dominant-negative EGFR (Figure 5D).
Since the miR-7 transgene is transcriptionally uncoupled
from EGFR regulation and yet still induces photoreceptors,
this result argues that the effect of EGFRonmiR-7 expression
is mediated at least in part through transcription control.
Two transcriptional effectors of EGFR signaling in the eye
disc are Yan and Pointed (Flores et al., 2000; O’Neill et al.,
1994;RebayandRubin, 1995; Xuet al., 2000). Yan represses
transcription of target genes, except when EGFR signaling1272 Cell 123, 1267–1277, December 29, 2005 ª2005 Elsevier Inleads to its turnover. Possibly, Yan was mediating the effect
of EGFR onmiR-7 expression, by repressing miR-7 in unsti-
mulated progenitor cells. To test this hypothesis, we exam-
ined miR-7 expression in yan mutants. A yan1 loss-of-
function mutant had ectopic miR-7-positive cells present in
ommatidia (Figure 5E). We also examined miR-7 expression
in the YanAct mutant, which is resistant to ERK-dependent
degradation. Levels ofmiR-7RNAweredramatically reduced
in photoreceptors expressing YanAct (Figure 5F). Together,
these data indicate that Yan normally represses miR-7 in
progenitor cells and ectopically represses miR-7 in photore-
ceptors when ERK-dependent degradation is blocked.
While it was clear that Yan repressed miR-7 transcription,
it was not clear what factor(s) activated miR-7 transcription
once Yan was degraded by EGFR/ERK signaling. Yan acts
as a repressor of other genes by binding to enhancers and
preventing two related ETS-domain factors called Pointed-
P1 and Pointed-P2 from binding and activating transcription
(Flores et al., 2000; O’Neill et al., 1994; Xu et al., 2000). Pos-
sibly, one or both isoforms of the Pointed transcription factor
competed with Yan for binding and activation of miR-7c.
Figure 5. Expression of miR-7 Is Regu-
lated by EGFR and Yan
(A and B) miR-7 expression detected by in situ
hybridization in GMR-Gal4 (A) and GMR-Gal4/
UAS-EGFR.ltop (B) larval eye discs. Circles high-
light individual ommatidia in (A).
(C and D) Eye discs stained for Elav from GMR-
Gal4/UAS-EGFR.DN (C) and GMR-Gal4/UAS-
EGFR.DN UAS-miR-7 (D) mutants. White circles
outline representative ommatidia. Ommatidia in
(C) recruit two (occasionally three) Elav-positive
cells, which likely represent R8 and R2 or R5.
No further recruitment occurs. In contrast, om-
matidia in (D) recruit additional Elav-positive cells
in positions that suggest they are R3 and R4.
Older ommatidia are disorganized, and identifi-
cation of other additional Elav-positive cells be-
comes ambiguous.
(E) miR-7 expression in a yan1 mutant eye disc. Each circle outlines a representative ommatidium with extra miR-7-positive cells.
(F) A GMR-Gal4/UAS-YanAct larval eye disc showing reduced staining for miR-7 RNA.
(G) A GMR-Gal4/UAS-Pointed-P1 larval eye disc showing enhanced staining for miR-7 RNA.expression. If so, then overexpression of Pointed should out-
compete Yan even in progenitor cells and elevate miR-7 ex-
pression, as has been observed for other genes (Xu et al.,
2000). When Pointed-P1 was overexpressed, there was a
profound increase in miR-7 expression (Figure 5G). In con-
trast, miR-7 expression was unchanged when Pointed-P2
was overexpressed (data not shown). Thus, Pointed-P1 is
an activator of miR-7 expression in the eye disc.
To determine whether Yan downregulates miR-7 expres-
sion directly, we searched for conserved ETS binding sites in
genomic DNA upstream of miR-7. Using a hidden Markov
algorithm that detects clusters of sequence motifs, we de-
tected a statistically significant (COMET algorithm, p <
0.005) cluster of putative ETS binding sites less than 2 kb up-Cell 1stream of miR-7 in an intron of bl (Figure 2). This sequence
cluster contains six sites that are also conserved 2 kb up-
stream of miR-7 in the related species D. pseudoobscura
(Figure 6A). The conserved sequences possibly represent
a transcriptional regulatory region that interacts with ETS
factors such as Yan. To determine if these sites interact
with Yan, we performed electrophoresis mobility shift assays
in vitro. Purified GST-Yan protein binds with high affinity to
a labeled oligonucleotide that contains a Yan binding site
from the prospero enhancer (Xu et al., 2000 and Figure 6B).
Unlabeled oligonucleotides containing each of the six sites
upstream ofmiR-7were used as competitors for binding be-
tween GST-Yan and the labeled oligonucleotide. Competi-
tion analysis revealed that four of the six sites had a bindingFigure 6. Yan Binds Specifically to Con-
served DNA Sites upstream of miR-7
(A) CISTER and COMET identified six conserved
ETS binding sites clustered approximately 2 kb
upstream of miR-7 (see Figure 2 for genomic po-
sition). The cluster encompasses 286 base pairs
in the D. melanogaster genome and 268 base
pairs in the D. pseudoobscura genome. The lo-
cations and orientations of the six sites, named
E-1 to E-6, are indicated. Below, an alignment
of the six sites from theD.melanogaster genome.
Highlighted bases are shared between a majority
of the sites. The sequences of the E-1 to E-5
sites are identical in both D. melanogaster and
D. pseudoobscura. The D. pseudoobscura E-6
sequence is not identical to its D. melanogaster
counterpart and is listed in parentheses. E-M is
a mutated Ets binding site that is defective for
Yan binding (Xu et al., 2000).
(B) Electrophoresis mobility shift complexes of
GST or GST-Yan bound to labeled prospero en-
hancer DNA. The unbound enhancer DNA is
shown on the far right as free probe. Indicated
binding reactions also contained unlabeled DNA
oligonucleotides. Each oligonucleotide contained
one of the E-1 to E-6 sites or the E-M site.23, 1267–1277, December 29, 2005 ª2005 Elsevier Inc. 1273
Figure 7. Model for the Role of Yan and
miR-7 in Photoreceptor Differentiation
In the absence of a signal through EGFR, Yan is
active and represses the expression of themiR-7
gene. When an extracellular signal is received by
EGFR, activated ERK phosphorylates Yan and
downregulates its activity, and so it is no longer
capable of repressing transcription of miR-7
RNA. In contrast, Pointed-P1 is able to activate
miR-7 transcription. The synthesizedmiR-7 RNA
binds to the 30UTR of yan transcripts, thereby re-
pressing protein synthesis of Yan. This reciprocal
negative feedback loop between miR-7 and Yan
exerts output upon thedifferentiation state of cells
through the action of Yan upon downstream
genes. It is also possible that miR-7 regulates
other downstream genes outside of the feedback
loop.affinity for GST-Yan that was comparable to the high-affinity
Yan binding site (Figure 6B). Binding was specific since an
oligonucleotide with a mutated ETS motif failed to compete
for GST-Yan binding. Thus, Yan directly interacts with con-
served sequence elements upstream of miR-7.
DISCUSSION
We have found that there is reciprocal negative regulation
between Yan protein andmiR-7RNA in retinal cells (Figure 7).
miR-7 directly represses the expression of Yan, and Yan di-
rectly represses miR-7 expression. This feedback loop ex-
plains the apparent mutually exclusive expression patterns
of Yan and miR-7. Undifferentiated progenitor cells express
Yan, which inhibitsmiR-7 transcription, while cells undergo-
ing photoreceptor differentiation expressmiR-7, which inhib-
its Yan protein synthesis. Through this reciprocal feedback,
each gene then logically exerts positive feedback on itself,
which reinforces its respective expression pattern.
The switch in expression patterns appears to be triggered
by the EGFR signaling pathway. Both Yan and miR-7 ex-
pression are regulated by EGFR but in opposing directions.
EGFR signaling activates the rapid turnover of Yan protein via
ERK-mediated phosphorylation (Rebay and Rubin, 1995). In
the case ofmiR-7, we have shown that EGFR signaling pos-
itively regulates its transcription. We propose that miR-7
transcription is induced by EGFR through degradation of
Yan protein, resulting in derepression ofmiR-7 transcription.
Yan is an ETS-domain transcription factor that represses
transcription by a passive mechanism involving competition
with Pointed-P1 and Pointed-P2 for binding to specific DNA
sites. (Xu et al., 2000). Pointed-P1 and Pointed-P2 activate
target genes, but only when Yan has been downregulated
by ERK (O’Neill et al., 1994). Our model is that miR-7 tran-
scription is induced by Yan and Pointed using a similar
mechanism. This model is supported by the presence up-
stream of the miR-7 coding sequence of a highly conserved
cluster of DNA sites that bind Yan protein with high affinity,
and by finding that miR-7 RNA expression is strongly acti-
vated by Pointed-P1.1274 Cell 123, 1267–1277, December 29, 2005 ª2005 Elsevier InThe miR-7/Yan feedback loop allows switching between
one state (Yan+) and a second state (miR-7+), which corre-
lates with the cell changing from a progenitor state to a pho-
toreceptor identity. This may represent an example of a
bistable system. Such systems exist almost exclusively in
one of two possible states that are stabilized by feedback
loops (Hasty et al., 2001). Feedback loops can either be pos-
itive or double negative in nature, and their strength deter-
mines the reversibility of the system. In the case of the tran-
sition from the Yan+ state to themiR-7+ state, this switch is
triggered by the EGFR signal. The bistable nature of the feed-
back mechanism ensures that the response is enhanced rel-
ative to the signal. This could be for one or more reasons.
First, the bistable switch could convert a weak or variable
signal into a strong uniform response. In this sense, it en-
sures that variation in signaling activity between different
cells has less impact on their ability to uniformly respond. A
second reason for the bistable switch might be to respond
to a transient signal and translate it into a stable response.
Indeed, Yan degradation is dependent on ERK kinase that
is transiently activated by EGFR signaling—about 8 hr
(Kumar et al., 1998), clearing cells of detectable Yan pro-
tein. However, cells continue to be depleted of Yan protein
even though Yan mRNA transcription remains active (Lai
and Rubin, 1992). Possibly, miR-7 downregulates Yan pro-
tein synthesis during and after ERK signaling to ensure the
continuous absence of Yan protein until its mRNA pool
is eventually reduced by transcription shutoff (Rohrbaugh
et al., 2002). Duration of the miR-7 effect might be depen-
dent upon whether the feedback loop is short lived, only re-
lying upon the pool of miR-7 RNA transiently synthesized or
longer lived due to persistent synthesis of new miR-7 even
after the signal has dissipated. Although the participation
of Pointed-P1 suggests the latter mechanism at work, future
study will provide a fuller understanding of the switch.
ThemiR-7/Yan feedback loop reinforces a developmental
decision, and as such, it regulates downstream effectors of
the differentiation process. Which component of the loop
provides regulatory output? Yan provides some output since
it has been established that Yan directly controls the tran-
scription of at least two genes involved in later steps of retinalc.
cell differentiation (Cook et al., 2003; Flores et al., 2000; Fu
and Noll, 1997; Xu et al., 2000). It is conceivable that
miR-7 also provides regulatory output. Could some of the ef-
fects of miR-7 be executed upon the Notch pathway, which
controls aspects of photoreceptor differentiation? Genetic
interactions between Notch and miR-7 suggest that they
act in parallel pathways affecting differentiation. Several
genes that are transcriptional targets of the Notch pathway
are also repressed by miR-7 (Lai et al., 2005; Stark et al.,
2003). However, none of these except yan have been shown
to function in photoreceptor differentiation. Moreover, com-
putational analysis of candidate miR-7 targets has not iden-
tified Notch or other components of its pathway.
Despite the feedback loop, Yan and miR-7 alone are not
sufficient to account for their mutually exclusive expression.
Yan protein is still greatly reduced inmiR-7 mutant photore-
ceptors. Moreover,miR-7 RNA is not reduced in YanAct pho-
toreceptors to the degree observed normally in progenitor
cells. This latter observation could explain why the miR-7
mutation enhances the effect of YanAct on photoreceptor dif-
ferentiation since low residual levels ofmiR-7might still be ef-
fective at inhibiting YanAct expression. If this is the case, what
is the point of normally upregulating miR-7? An important
consideration is that miR-7 RNA is still detectable in YanAct
photoreceptors. This could be due to several reasons. First,
the repression of miR-7 in progenitors could be due to Yan
plus other inhibitory factors. Second, photoreceptors might
have positive-acting factors that are not active in progeni-
tors. Third, YanAct ectopically expressed in photoreceptors
might not itself be a perfect reproduction of endogenous
Yan within progenitors.
AlthoughmiR-7 regulates Yan in photoreceptors, this rela-
tionship is not used in all cell-fate decisions controlled by
Yan. Expression of YanAct in non-neuronal cone cells inhibits
cone-specific gene transcription (Rebay and Rubin, 1995;
Flores et al., 2000). In contrast,miR-7 appears to play no di-
rect role in cone cell development. miR-7 RNA was not de-
tected in differentiating cone cells. Nor did the miR-7 gene
promote cone fates. Rather, miR-7 appears to promote a
photoreceptor fate at the expense of a cone cell fate. Thus,
downregulation of Yan in cone cells does not involve miR-7.
It is possible that Yan is repressed in these cells through a dif-
ferent miRNA. It is also possible that cone cells do not use
miRNA-dependent repression of Yan. Two lines of evidence
support this idea. First, cone cells aremuchmore sensitive to
YanAct than photoreceptors (Rebay and Rubin, 1995), sug-
gesting that ERK-dependent repression of Yan plays a
more dominant role in cone cells. Second, low levels of Yan
protein are detected in normal cone cells whereas Yan is un-
detectable in photoreceptors (Rebay and Rubin, 1995). To-
gether, it suggests that robust downregulation of Yan may
not be as critical in cone cells as in photoreceptors or that
downregulation occurs at a later stage.
In conclusion, miR-7 acts in a reciprocal negative feed-
back loop with a transcription factor to control cell-fate deci-
sions that are triggered by signal transduction activity. It re-
mains to be seen how generally miRNAs will be involved in
this type of mechanism. But the potential of rapidly evolvingCelmiRNA regulation could be important for evolving new regu-
latory circuits and, ultimately, new patterns within body
plans.
EXPERIMENTAL PROCEDURES
Genetics
We used Drosophila stocks carrying the tub-EGFP:2x(miR-70) reporter,
control tub-EGFP reporter, and UAS-dsRed:miR-7 (Stark et al., 2003);
GMR-YanAct and UAS-YanAct (Rebay and Rubin, 1995); yan1 (Lai and
Rubin, 1992); UAS-EGFR.ltop (UAS-lDER) (Queenan et al., 1997);
UAS-EGFR.DN (Freeman, 1996);UAS-NDE (FlyBase). ThemiR-7D1muta-
tion was made by imprecise excision of the EP element in EP954 flies. Ex-
cision breakpoints were mapped by DNA blotting and sequencing. We
placed the miR-7D1 chromosome in trans over the Df(2R)exu1 deletion
chromosome to nullify any possible second-site modifier effects. The
eye phenotypes of the trans-heterozygotes were indistinguishable from
miR-7D1 homozygotes.
In Situ Hybridization
An antisensemiR-7 LNA probe (Valoczi et al., 2004) was the following: 50-
ACAACAAAATCACTAGTCTTCCA-30 and was obtained from Exiqon
(Vedbaek, Denmark). The probe was labeled with digoxigenin using the
DIG Oligonucleotide 30-end labeling kit (Roche) and purified through a Mi-
croSpin G-25 column (Amersham). In situ hybridization was performed as
described (Wolff, 2000) with the following modifications. After postfix and
washes, the discs were washed in water and then treated with 0.25% (v/v)
acetic anhydride in 0.1 M Triethanolamine (pH 8.0) twice, 5 min each. The
discs were washed in PBS+0.1%Tween20 (PBTW) twice and then prehy-
bridized. Citric acid was added to the prehybridization and hybridization
buffers to adjust the pH to 6.0. Discs were hybridized in hybridization
buffer + digoxigenin-labeled LNA probe at 48ºC for 18 hr and then
washed once in hybridization buffer, once in 50% hybridization buffer/
50% PBTW, and five times in PBTW at 48ºC. Discs were incubated
with preabsorbed anti-digoxigenin-AP antibody (Roche). Ten percent
(w/v) Polyvinyl Alcohol (3150 kDa) was added to the Levamisole Solution
to enhance the AP color reaction.
Immunohistochemistry
Immunostaining of third-instar larval eye discs and pupal eyes (43 hr post-
pupariation) was performed as described (Xu et al., 2000) with modifica-
tions. Tissue was fixed in 4% paraformaldehyde in PBS for 30 min at
23ºC, washed in PBS + 0.3% TritonX100 + 10% horse serum (HS) for
15 min, and then incubated with primary antibody diluted in PBT (PBS
+ 0.2% TritonX100) with 10% HS for 1 hr, washed three times in PBT,
and incubated in fluorescently labeled secondary antibody (Molecular
Probes) diluted in PBT with 10% HS for 1 hr. Alternatively, HRP-conju-
gated secondary antibody was used and was visualized by DAB staining.
Construction of Transgenes
The Yan 30UTR was inserted into the 30 end of tub-EGFP to make tub-
EGFP:YanUTR. To construct the tub-EGFP:Yan(mut)UTR reporter, bases
complementary to bases 2–6 of miR-7 (base 1 being the 50 end) in the
four predicted binding sites were mutated from 50-CTTCC-30 to 50-AGG
AA-30. The binding sites are outlined in Figure S1. To make the UAS-
miR-7 construct, a 432 bp DNA fragment containing themiR-7 precursor
was cloned into the pUAST vector.
Left primer: ‘‘GTCTAACCACCCATCCCCACAA’’; Right primer: ‘‘ATG
GGAGGGTACTGGGGAGTTC’’.
Informatics
Binding sites for miR-7 RNA in 30UTR sequence were identified as de-
scribed (Nakahara et al., 2005). These were compared to sites predicted
from other algorithms designed to find miRNA binding sites (Enright et al.,
2003; Lewis et al., 2005; Stark et al., 2003). To find putative Yan binding
sites, genomic DNA surrounding miR-7 (±20 kb) from D. melanogasterl 123, 1267–1277, December 29, 2005 ª2005 Elsevier Inc. 1275
and D. pseudoobscura were analyzed by the CISTER and COMET algo-
rithms for clusters of statistically significant ETS binding sites (Frith et al.,
2001). A region approximately 2 kb upstream of miR-7 was scored as
containing a significant cluster of site. The COMET algorithm predicted
the probability of this region occurring by chance as p = 0.004. Six motifs
identified by CISTER were highly conserved in both genomes.
Electrophoresis Mobility Shift Assays
Electrophoresis gel mobility shift assays using purified GST-Yan protein
were performed as described (Xu et al., 2000). Briefly, 0.2 pmoles of ra-
diolabeled oligonucleotide was incubated with 2.8 pmoles of GST or
GST-Yan in 18 ml. The oligonucleotide contained the sequence CAG
GAAGC, which is a high-affinity binding site in the prospero enhancer.
For competition analysis, varying amounts of unlabeled oligonucleotides
that contained sites from the miR-7 region were coincubated with probe
and protein. This analysis estimated the relative affinity for GST-Yan bind-
ing to each site compared to the prospero site, by the level of competitor
DNA required for half-maximal inhibition of binding to probe.
Supplemental Data
Supplemental data include two figures and are available with this article
online at http://www.cell.com/cgi/content/full/123/7/1267/DC1/.
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